Specimens of alvinellid polychaetes and their tubes were collected in the Parigo hydrothermal vent field on the East Pacific Rise (13°N) in October and November 1987. Heterotrophic bacterial strains were isolated on metal-amended media from the tube and dorsal integument of one specimen of Alvinella pompejana, from the dorsal integument of another from the whole integument of a specimen of Alvinella caudata, and from undetermined alvinellid tubes. The strains were characterized and tested for susceptibility to five heavy metals by using a microdilution method for MIC determinations. All strains were gram-negative rods. Most of them were characterized by the ability to degrade Tween 80 and gelatin and to produce hydrogen sulfide from cysteine. Numerous strains, from all sample origins, displayed resistance to cadmium, zinc, arsenate, and silver and tolerated high amounts of copper. Metal resistance was exhibited by 92.3% of the total isolates. The occurrence of multiply resistant bacteria may demonstrate an adaptation of alvinellid-associated microflora to the general enrichment of metals in the hydrothermal vent environment.
Active deep-sea hydrothermal vents discovered on the East Pacific Rise are all characterized by biological communities consisting of a variety of specially adapted animals. The spectacular tube-worm Riftia pachyptila and the large mussel Bathymodiolus thermophilus colonize vent sites from 13°N next to the zones where anoxic vent water, rich in hydrogen sulfide, mixes with surrounding oxygenated seawater (22) . The harboring by these animals of chemosynthetic bacteria led to the discovery of sulfide-exploiting symbioses (9, 12) .
In contrast, Alvinella pompejana (16) and Alvinella caudata, belonging to the recently described Alvinellidae family (17) , do not contain intracellular bacteria. Both worms build mineralized organic tubes on the walls of sulfide diffusers in areas of active mixing of hot, acidic, metal-rich fluid with cold, well-oxygenated seawater (13) . Although polychaetous annelids commonly lack associated bacteria (43) , both species bear dense epibiotic microflora (14, 20) . Rod-shaped, prosthecate, and small spiral-curved bacteria are scattered on the surface of the worm integument, whereas clumplike assemblages are inserted in the intersegmentary spaces (14) . Visible autotrophic filamentous bacteria (51) are located on the dorsal expansions of A. pompejana and on the posterior parapodia of A. caudata (14) . The inner part of the worm tube is also densely covered with bacterial communities of different morphological types (rod shaped and principally filamentous) (15) .
Other examples of epibacterial colonization of hydrothermal vent animals have been reported: bacteria were found on the bristles of notopodia and on the elytra of polynoids of the genus Lepidonotopodium collected at 13°N (37) , dense colonies of filamentous bacteria were described on the epithelial surface of gills of an undescribed archeogasteropod limpet from vents of the Juan de Fuca Ridge (12) , and microbial mats have been observed on the periostracum of thermal vent mussels from the Galapagos vents (27) . * Corresponding author.
Some non-vent epibiotic bacterial associations have been described and/or studied on the marine priapulid worm Halicryptus spinulosus (35) , on the copepod Acartia tonsa (46) , and on the crab Cancer irroratus (8) .
However, little is known about the functional role of epibioses. Epibacteria associated with H. spinulosus might be able to detoxify hydrogen sulfide (35) . In the case of bacteria-Alvinella associations, a trophic relationship has been suggested but not clearly demonstrated (2) . The hydrothermal fluids are particularly rich in heavy metals (11) , and the contamination of vent invertebrate soft tissues has been reported (21, 42) . It has been suggested that these epibiotic bacteria could intervene in detoxifying the heavy-metal-rich microenvironment of the worm (2, 39) .
In a preliminary study, heterotrophic bacteria colonizing the dorsal integument of A. pompejana and its tube (39) were reported to be resistant to high concentrations of heavy metals (C. Jeanthon and D. Prieur, Prog. Oceanogr., in press). The objective of the present study was to characterize a large number of alvinellid-associated bacteria isolated on metal-amended media and to assess their susceptibility to heavy metals.
MATERIALS AND METHODS
Polychaete collection and preparation. Both worm species, A. pompejana and A. caudata, and undetermined alvinellid tubes samples were collected in November and December 1987 from the Parigo vent field on the East Pacific Rise (12048'56"N, 103°56'72"W) at a depth of 2,600 m during the Hydronaut cruise. Two specimens of A. pompejana (designated here as A. pompejana 1 and 2), one specimen of A. caudata, the tube of A. pompejana 1, and undetermined alvinellid tubes were collected by using the port manipulator of the submersible Nautile and placed in an insulated box for the trip to the surface. Upon recovery, worms and tubes were rinsed in sterile seawater. The dorsal integument of both specimens of A. pompejana, a whole specimen of A. caudata, the tube of A. pompejana 1, and the tubes from undetermined alvinellids were ground in sterile seawater Strains were observed for morphology and motility (phase-contrast microscopy) and Gram staining.
(i) Biochemical tests. The oxidase reaction was determined with 1-day cultures by using the procedure of Kovacs (30) . H2S production and Tween 80 degradation were recorded after 7 days by using the methods described by Rodina (41) and Sierra (44) . Proteolytic activity on gelatin and P-galactosidase activity were tested as described by Kohn (29) and Lanyi (33) .
The presence of constitutive arginine dihydrolase system, indole production, nitrate and nitrite reduction, and starch hydrolysis were determined in 96-well plates by using previously described methods (5, 33) . Ninety-six-well plates were also used for testing oxidative and fermentative utilization of glucose and acid production from the following sterile-filtered carbohydrates ( NCMB 6. (iii) Computer analysis. The characters were coded 1 for positive or present and 0 for negative or absent. Strain similarities were estimated with the simple matching coefficient SSM (47) , and cluster analysis was carried out by using the average linkage method (45) .
RESULTS
Heavy metal resistance. The distribution of the MIC values of each metallic ion for all of the strains examined is shown in Fig. 1 . Patterns of resistance of cadmium, zinc, silver, and arsenate showed a clear-cut distinction between the sensitive and the resistant strains. Critical MICs above which strains were considered resistant were 90 ,ug of Cd ml-', 70 ,ug of Zn ml-', 3 ,500 ,ug of As043-ml-', and 20 ,ug of Ag ml-'. As the distribution pattern of copper resistance revealed only one peak, copper-resistant strains could not be detected. Metal resistance was exhibited by 92.3% of the total isolates. corresponding values for strains isolated from A. pompejana 2, from A. caudata, from the tube of A. pompejana, and from undetermined alvinellid tubes were, respectively 1.3, 1.7, 1.7, and 1.4.
Strain characterization and clustering. The characteristics of all phena obtained in this study are given in Table 4 . All of the strains studied were gram-negative rods. Some characteristics were frequently encountered, such as the presence of catalase (98% of the strains) and oxidase (79%), the production of H2S from cysteine (86%), and the degradation of Tween 80 (90%) and gelatin (87%). The SSM coefficient yielded results indicating that 291 strains, i.e., 97% of the total, were recovered in 18 clusters defined at a 75 to 88% similarity level (Fig. 2) . Most strains examined in this study (242 out of 299) were clustered in only seven phena (1, 2, 6, 7, 13, 15, 17). Bergey's Manual of Systematic Bacteriology (31), The Prokaryotes (48) , and specialist diagnostic keys and tables were consulted for presumptive identification of the most representative phena (phena 1, 2, 6, 7, 13, 15, and 17). The intergroup similarities for the clusters ranged from 52 to 88%, suggesting a marked diversity among the taxa recovered from the alvinellid samples.
Cluster 1 formed at 82%. All strains were oxidase positive and degraded gelatin and Tween 80. Starch hydrolysis and P-galactosidase activity were shown by a large majority of the strains. Of the strains, 53% were isolated from A. pompejana 1 and 53% were isolated on silver agar plates. Cadmium and silver resistance were displayed by 41.8 and 54.5%, respectively, of the strains, and 31% of all strains exhibited resistance to both metals. In this cluster, six strains, all isolated from A. pompejana 1, were resistant to cadmium, zinc, arsenate, and silver.
Cluster 2, which joined at 84%, is composed entirely of oxidase-and catalase-positive strains with lipase activity. Forty-three percent were isolated from alvinellid tubes, representing more than half of the alvinellid tube isolates.
Cluster 6, formed at 89%, consisted of oxidase-positive strains which did not produce acid from 10 of the carbohydrates tested. Most strains were isolated on silver agar plates and from the tube of A. pompejana 1. One strain demonstrated resistance to cadmium, zinc, arsenate, and silver. 0  98  97 100  0  50  94  24  66  66  33   100  97 100  66  17  91  3 100  0  0  100 100 100 100 33   2  36 66  7  0  0  5  0  0  0  9  0  53  6  66  2  94  33  4  67  66  16  82 100  0  0  33  98 100 100  2  3 100  4 Cluster 7 joined at 89% and contained catalase-positive strains which all produced H2S from cysteine and degraded Tween 80. All strains were isolated from alvinellid epidermis, and all but two were resistant to zinc. None was resistant to silver, and two of the isolates showed resistance to cadmium. Clusters 1, 2, 6, and 7 with intergroup similarity of 77% were identified as Alteromonas spp. from the production of extracellular lipase, gelatinase, and amylase (cluster 1 only).
All strains of clusters 9 and 10 were denitrifying bacteria. Some strains clustered in phenon 10 were not able to reduce nitrate to nitrite.
Cluster 13, which joined at 88%, was composed of oxidase-and catalase-positive strains producing acid from 10 Sokal and Michener coefficient (47) and average linkage method of clustering.
P. doudoroffii clustered in this group, members of cluster 15
were assumed to be presumptively Pseudomonas spp. Clusters 17 and 18 were composed entirely of fermentative strains. All strains but one were oxidase positive. Reference strains belonging to the genus Vibrio were recovered in both clusters for which all strains were presumptively assigned to Vibrionaceae. Most isolates were resistant to cadmium (80%), only three of them showed resistance to silver, and eight showed resistance to zinc.
Arsenate-resistant strains (72.2% of the total isolates) appeared in all major clusters in high proportions, except in phenon 15.
Reference strains other than those cited were not recovered in any cluster determined in this study.
DISCUSSION
The chemical and physical features of hydrothermal fluids and the dense animal populations in the immediate vicinity of the vents led microbiologists to study the primary production of organic carbon by sulfur-oxidizing bacteria (26) and to isolate thermophilic organisms (28) . Bacterial heterotrophic activities were measured in vent-surrounding seawater but were essentially attributed to mixotrophic sulfur-oxidizing bacteria (52) .
Various hypotheses about the food source for the polychaete worms living closest to the hot water extruding from the vents have been proposed. The possible food sources include bacteria from the rain of black smoker precipitates (4) and metabolites produced by the abundant communities of filamentous bacteria associated with the dorsal integument of worms or the inner surfaces of their tubes (14) .
The morphological diversity of worm epibacteria has been described (20) , and the metabolic diversity of alvinellidassociated microflora has been established (S. Prieur, S. Chamroux, P. Durand, G. Erauso, P. Fera, C. Jeanthon, L. Leborgne, G. Mevel, and P. Vincent, Mar. Biol., in press). A preliminary study of heterotrophic and mixotrophic bacteria isolated from A. pompejana reported a lack of fermentative metabolism and few proteolytic and amylolytic activities (39) . The ability to decompose fatty substrates and to produce H2S from cysteine were the main biochemical characteristics of these isolates.
The present study presents the biochemical features of a larger collection of strains isolated from Alvinellidae. The data obtained here show that few fermentative strains are associated with alvinellid epibiotic microflora (51 of 299 strains). The degradation of Tween 80 and the production of H2S from cysteine appear to be very common features, as previously reported (39) . Strains demonstrate widespread proteolytic activity. The presence of such microorganisms, promoting the decomposition of organic matter, is known to be ecologically significant in areas of high nutrient concentrations (38) .
Characterization tests were conducted at a temperature close to the average in situ conditions but, because of technical reasons such as the limited space in pressure vessels, high-pressure conditions which would permit a more complete simulation of the habitat of the isolate could not be provided. A recent study of nonhydrothermal deepsea bacteria showed a change in the enzyme profile when tested at 1 atm (101.29 kPa) as compared with results obtained under in situ pressure (49) . A very low rate of degradation activity was measured for strains of similar origin cultivated under in situ conditions (25) . Considering the exceptional conditions that exist in hydrothermal environments (unusually high nutrient concentrations and temperatures at such depths), the degradative abilities of the isolates under in situ pressure should provide an interesting field for future research efforts.
The presence of large amounts of heavy metals is a major feature of the hydrothermal vent environment, but relatively little is known about the relationships between the metals and the organisms living at these sites. It was not possible to select metals to be studied by using chemical data concerning the 13°N site because such data were scarce an incomplete. However, for another hydrothermal vent site of the East Pacific Rise, the 21°N site, where the faunistic composition of populations was comparable to the one we studied, heavy metal concentrations were measured in vent fluids (18) and in animal tissues and their associated bacteria (21, 42) . Arsenic, zinc, and copper were detected in A. pompejana epidermal cells as well as in the associated bacteria and their matrices (21) . Arsenic and zinc appeared to be the most abundant elements. In contrast to values in Mytilus edulis from an uncontamined coastal environment, silver exhibited one of the highest enrichments in the hydrothermal vent clam Calyptogena magnifica (42) . Heavy metal concentrations measured in undiluted spring fluid were for all metals consistently higher than in the surrounding nonhydrothermal deep-sea water. Zinc and copper, however, were found in amounts about a thousand times higher than those of arsenic, cadmium, and silver (18) .
Concentrations used to isolate the strains were determined on the basis of a preliminary study ( 92 .3% of the isolates. The presence of bacteria that are resistant to zinc and/or which tolerate high amounts of copper may be linked to the abundance of these elements in their environment. The percentages of bacteria resistant to arsenate and silver and the level of resistance of the bacteria to both metals reflect the relative toxicity of the metals.
Arsenate ions are well known to be one of the less toxic compounds, whereas silver, formerly used as an antimicrobial agent, generally shows a high activity against bacteria. In the literature, great differences exist in the concentrations used to define metal resistance in bacteria (50) . The level of bacterial resistance to cadmium, zinc, and arsenate determined here is among the highest reported at this time.
As for the biochemical characterization of the strains, the influence of pressure on metal susceptibility was not assayed. It has been reported that this parameter could act in different ways on the effect of heavy metals on the growth of deep-sea isolates (3) . Pressure could be ineffective, enhance toxicity, increase growth yield, or protect against a growth inhibitory effect observed at lower pressure.
An earlier study (Jeanthon and Prieur, Prog. Oceanogr., in press) reported that the number of bacteria growing on metal-amended media can be in the same order of magnitude as heterotrophic bacteria culturable on the same medium without metal. The metal-amending isolation medium is not the sole metal to which the isolated strain is resistant.
Multiresistant bacteria occurred in all samples also, thus demonstrating an adaptation of alvinellid-associated microflora to cope with metal stress.
Microorganisms are known to employ a large variety of mechanisms for adaptation to the presence of heavy metal ions (19) . Among those mechanisms, it has been reported that hydrogen sulfide production may act as a detoxification process through the precipitation of metal sulfides (1) . The high number of H2S-producing isolates recovered in this study may indicate that this mechanism is involved.
Resistance to cadmium, zinc, copper, arsenate, and silver can be governed by plasmid-encoded mechanisms (10, 23, 24, 34) . Bacteria isolated from the gut of deep-sea amphipods have been found to harbor plasmids, and the occurrence of in situ interspecies transmission has been suggested (53) . The screening of plasmid content in alvinellid-associated microflora is now in progress in our laboratory. 
